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Abstract—In this work, an estimation of the reverberation
time for Ultra-Wideband indoor communication is presented
ranging from 2 to 10 GHz. Channel sounding measurements were
performed in an indoor environment with a network analyzer
and virtual arrays. The concept of a reverberation time is known
from the theory of Room Electromagnetics, and can be calculated
from the decay rate of the measured power delay proﬁles. It was
found that this reverberation time depends on the used window
function in order to shape the frequency-response measurements,
and that it decreases with increasing frequency due to path loss.
Index Terms—room electromagnetics, reverberation time,
ultra-wideband, channel sounding, indoor environment.
I. INTRODUCTION
Ultra-Wideband (UWB) is a promising new technology
within Wireless Personal Area Networks (WPAN), which due
to a large bandwidth allows for high data rates (> 2 Gbit/s)
over a short distance. UWB systems are characterized by their
ability to transmit small pulses with a very low power density
(limited to -41.3 dBm/MHz) in a large frequency band (3.1-
10.6 GHz). This allows such systems to harmlessly operate
in frequency bands currently occupied by other applications.
UWB technology is standardized in IEEE 802.15.3.
In this work, an estimation of the reverberation time for
UWB indoor communication is presented based on wideband
channel sounding measurements between 2-10 GHz. The con-
cept of a reverberation time is known from the theory of Room
Electromagnetics (RE) [1], which is related to the science of
room acoustics. RE states that there is an exponential decay
for the electromagnetic ﬁeld in a room, under the assumption
that the intensity of this ﬁeld is direction-independent (rich
scattering), and its energy density is constant across the entire
room (valid for small rooms). A custom made algorithm was
created in order to extract this reverberation time from the
various measured power delay proﬁles. This reverberation
time is assumed to be nearly constant across the entire room,
depending only on the volume, surface area and an effective
absorption coefﬁcient. Such an approach easily allows to
characterize the radio channel on a room-to-room basis.
II. MEASUREMENTS
A. Measurement environment
The indoor measurements were carried out in a laboratory of
the Technical University of Cartagena, in Spain. In Fig. 1, the
measured scenario is depicted, as well as the various positions
over which the measurements were performed. The laboratory
size is approximately 4.5×7×3 meters, and is furnished with
several closets, shelves, desktops and chairs. Moreover, the
laboratory is equipped with numerous computers and elec-
tronic devices. The walls are typical interior walls, made of
plasterboard. The ﬂoor and ceiling are made of concrete.
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Fig. 1: Measurement scenario [2]
B. Channel sounding procedure
Wideband channel sounding measurements were carried out
in the UWB frequency band, where the complex gain between
transmit- and receive antenna was calculated over a range from
2-10 GHz. In this frequency band, 2048 uniformly spaced
frequency points were sampled. Both at the transmit- and
receive-side of the measurement system, a virtual uniform
linear array was created by an automated positioning system
on which the antennas were mounted. In total, three different
Tx-Rx links were measured, as depicted in Fig. 1. Further
details about the measurement scenario can be found in [2].
III. EVALUATION
At each Tx position in the virtual array, the network analyzer
measures the S21 scattering parameter (complex gain between
both antennas) in order to obtain one power delay proﬁle
(PDP) per Tx-Rx combination. Since there are 95 Tx and 8
Rx, we obtained 760 PDPs in total, which are then averaged
to acquire the average PDP (APDP) as follows:
APDP(t)|dB = 10 log
( |Sav21 (t)|2
wg
)
(1)
In (1), Sav21 (t) is the average PDP over all 760 Tx-Rx com-
binations. The S21 parameter in the frequency domain is
translated into the time domain by using an IFFT operation
with various window functions (Rectangular, Hann, 4-term
Blackman-Harris and Hamming). We divide Sav21 (t) by the
coherent gain wg of each window function w in order to
compensate for the normalized DC gain of that window.
In indoor propagation, multiple reﬂections and scattering
give rise to a tail in the APDP with an exponential decay, and
a time constant noted as the reverberation time τr as follows:
APDP(τ) = α1 exp
[
−τ − τd
τr
]
(τ > τr) (2)
In (2), α1, τd and τr respectively are the peak power, the onset
time, and the reverberation time of the APDP.
In order to enhance the amount of observations, we divided
the total frequency band in sub-bands of 500 MHz (delay
resolution of 2 ns), with an overlap factor of 1/10 between
two adjacent sub-bands. In each such band, we calculated the
APDP and extracted τr. As shown in Fig. 2, the experimentally
determined APDP (in dB) does not have a perfect linear tail
because of effects such as the noise level of the network
analyzer, measurement uncertainties, etc. We therefore created
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Fig. 2: APDP at 3, 6 and 9 GHz calculated with a Hann window function
over 500 MHz sub-bands for Tx-Rx link 2
a custom algorithm in order to extract τr in a certain delay
range, over which the APDP tail (in dB) can be approximated
by linear regression. This range spans from the mean power
delay bin to the ﬁrst delay bin of which the power level was
3 dB above the noise ﬂoor (assumed as the minimum measured
power level). The resulting reverberation time as a function
of frequency is shown in Fig. 3, which was based on the
measurement data of Tx-Rx link 2. In this ﬁgure, the effect
of the various used window functions is also illustrated.
From Fig. 3 we clearly see that the estimated reverberation
time depends on the used window function. This effect is more
profound at lower frequencies, whereas at higher frequencies
the results tend to converge. Each window function has its
own characteristics, and speciﬁcally shapes the course of the
APDP. Because we rely on the spectral analysis of our data
(frequency-response measurements) to estimate the reverbera-
tion time, we choose to rely on the results of the Hann-window
for its good frequency resolution and reduced spectral leakage.
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Fig. 3: Reverberation time over 500 MHz sub-bands for Tx-Rx link 2
Secondly, we can also notice that τr varies in function of
frequency. Looking at Fig. 2, this can be explained by the
varying course of the APDP at different frequencies. Higher
frequencies result in more path loss, and a faster decreasing
slope of the APDP. Consequently, τr decreases with frequency.
The estimated reverberation time in this work is in good
agreement with the values reported in [3], which found τr to
lie between 23.8 and 28.2 ns for 2.3 GHz. Values between
16.7 and 18.4 ns were reported in [4] for 5.2 GHz. To the
best of the author’s knowledge, no accurate estimations for τr
were reported for higher frequencies at the time of writing.
The difference with our estimated τr can be explained by the
rather small room dimensions in our measurement scenario.
IV. CONCLUSION
This work presented an estimation of the reverberation time
for UWB indoor communication, based on wideband channel
sounding measurements with virtual arrays ranging from 2-
10 GHz. A custom made algorithm was developed in order to
estimate the reverberation time from the sounding data.
We found that the reverberation time known from the theory
of room electromagnetics depends on the used window func-
tion, in order to shape the frequency-response measurements.
Secondly, it was found that the reverberation time decreases
with increasing frequency due to path loss, where the results
for various window functions converge from 8 GHz onwards.
ACKNOWLEDGMENT
Brecht Hanssens is funded by the Institute for the Promotion of Innovation
by Science and Technology in Flanders (IWT). This research was supported
by the project IAP BESTCOM, “BElgian network on STochastic modelling,
analysis, design and optimization of COMmunication systems”.
REFERENCES
[1] J. B. Andersen, J. O. Nielsen, G. F. Pedersen, G. Bauch, and M. Herdin.
Room Electromagnetics. Antennas and Propagation Magazine, IEEE,
49(2):27–33, 2007.
[2] M. Martı´nez, J. Molina, J. Rodrı´guez, J. Garcı´a, and L. Juan. Comparison
of Indoor Radio Channels at 2-10 and 57-66 GHz. COST Action IC1004
Cooperative Radio Communications for Green Smart Environments, 2013.
[3] A. Bamba, W. Joseph, J. B. Andersen, E. Tanghe, G. Vermeeren, D. Plets,
J. O. Nielsen, and L. Martens. Experimental Assessment of Speciﬁc
Absorption Rate Using Room Electromagnetics. IEEE Transactions on
Electromagnetic Compatibility, 54(4):747–757, 2012.
[4] G. Steinbo¨ck, T. Pedersen, B. H. Fleury, W. Wang, and R. Raulefs.
Distance Dependent Model for the Delay Power Spectrum of In-room
Radio Channels. IEEE Transactions on Antennas and Propagation,
61(8):4327–4340, 2013.
